, which is now integrated in the bit string framework, as well as different optimization strategies for fast bit scanning. Reported results over DIMACS and random graphs show that the new variants improve over previous BB-MaxClique for a vast majority of cases. It is also established that recoloring is mainly useful for graphs with high densities.
Introduction
A complete graph, or clique, is a graph such that all its vertices are pairwise adjacent. Finding a clique of a fixed size k is a well known and deeply studied NP-complete problem known as k-clique [1] . The corresponding optimization problem is known as the maximum clique problem (MCP), i.e. to find largest possible complete subgraph. MCP finds applications in many fields: bioinformatics and computational biology [2,3], computer vision [4] , robotics [5] etc (cf. also chapter 7 of [6] ).
Since MCP is NP-hard no efficient exact polynomial time algorithms are expected to be found. However, many efforts have been made at implementing fast algorithms in practice. One of the most successful paradigms for fast MCP algorithms is branch-andbound, where a systematic enumeration of maximal cliques is pruned by bounding the size of the largest possible clique in the remaining subproblem. A good compromise between computational overhead and tight bounding is obtained through approximate sequential vertex-coloring (usually referred to as SEQ), as in [7] [8] [9] [10] [11] , and two recent leading algorithms MCS [12] and BB-MaxClique [13] .
BB-MaxClique is our previous effective branch and bound algorithm, reported to be the fastest, at the time of writing, for a large number of graphs. Its distinguishing feature is that it combines efficient bit string operations with the algorithmic improvement of keeping an initial non increasing degree ordering constant throughout the search. BB-MaxClique is a bit-parallel algorithm, which uses the ability of modern CPUs to compute bit masking operations in parallel the size of the ALU registers (typically 64). It performs well even for large sparse instances where the overhead introduced by bit scanning and bit masking operations reaches its peak.
Recently (and independently) a very fast new algorithm MCS has been described in [12] , which combines the algorithmic improvements proposed in [13] (using conventional data structures) together with a new recoloring strategy (or renumbering as denoted by the authors). Reported tests clearly validate the combined improvements w.r.t. a previous algorithm MCQ [10] (and other state of the art algorithms) but the concrete contribution of recoloring is unfortunately not made explicit.
The remaining part of the paper is structured as follows: Sects. 2 and 3 deal with definitions and related work in the field. Sections 4 and 5 present the new improvements. Section 6 reports experiments and finally Sect. 7 summarizes the contribution.
Definitions and notation
A simple undirected graph G = (V, E) consists of a finite set of vertices V = {v 1 , v 2 , . . . , v n } and a finite set of edges E made up of pairs of distinct vertices (E ⊆ V xV ). Two vertices are said to be adjacent (alias neighbors) if they are connected by an edge. For any vertex v ∈ V, N (v) (or N G (v) when the graph needs to be made explicit) denotes the neighbor set of v in G, i.e. the set of all vertices which are adjacent to v. N G (v) refers to the set of non adjacent vertices to v, the neighbors in the complement graph. For any
A clique in G is any induced subgraph U with all its vertices pairwise adjacent. The largest clique in a graph is called the maximum clique. ω(G) and ω(U ) refer to the sizes of the maximum clique in G or in an induced graph U respectively. UB U (or simply U B when graph U is clear from the context) refers to any upper bound on the maximum clique size in U (UB U ≥ ω(U )).
deg(v) is the degree of vertex v, i.e. the number of neighbor vertices. (G) denotes the degree of the graph, the maximum degree of any of its vertices. C(G) = {C 1 , C 2 , . . . , C m } is a feasible vertex m-coloring in G, made up of m independent color sets C i ; C(U ⊂ V ) refers to a coloring of the graph induced by vertex set U , a partial coloring in G. c(v) denotes the color label of vertex v, so that for a given coloring c(v) = k ⇔ v ∈ C k .
